Abstract: We attempted to estimate the origin of the exotic frog Polypedates leucomystax in the Ryukyu Archipelago. This species was first found in 1964 just in front of the U.S. military base at Kadena on Okinawajima Island and currently has established feral populations on more than 20 islands. We conducted phylogenetic analyses using mitochondrial DNA sequences of the cytochrome b gene. Samples of P. leucomystax from five islands of the Ryukyus had a single haplotype, which was identical to that of a Philippine sample but quite different from haplotypes of Vietnamese samples. Samples of P. megacephalus from Taiwan formed a clade different from the P. leucomystax clade. From these results, P. leucomystax in the Ryukyus seems to have originated through accidental transportation of very few individuals with military cargo from somewhere around the Philippines.
catesbeiana Shaw, 1802 (¼ Lithobates catesbeianus [Shaw, 1802] ), and Polypedates leucomystax (Gravenhorst, 1829), have been recorded from several islands of the archipelago (Maeda and Matsui 1999 , Ota 1999 , Ota et al. 2004 . Although these species were designated as Invasive Alien Species in 2006 by the Ministry of Environment ( Japan), ecological surveys for these species have just been started. Therefore, information regarding their ecology is meager, and their effect on native fauna is poorly understood.
Of these exotic frogs introduced into the Ryukyu Archipelago, P. leucomystax is originally a tropical species ranging widely over most of Southeast Asia (Maeda and Matsui 1999) . The species was first found in 1964 near the U.S. military base at Kadena, which is located in the south-central part of Okinawajima Island, the central Ryukyus (Kuramoto 1965) . Since then, the species has been recorded from various localities within Okinawajima Island (e.g., Utsunomiya 1977 , Chigira 1984 , Moriguchi 1988 , as well as from several adjacent islands (Toyama 1981) . In reviewing distributions of amphibians and reptiles in the Ryukyu Archipelago, Maenosono and recorded P. leucomystax from no less than 21 islands of over 40 of the Okinawa Group and Miyako Group. The range of the species is still expanding within the Ryukyus, reaching Ishigakijima Island of the Yaeyama Group and Kita-Daitojima Is-land of the Daito Group . Because the species is often closely associated with human habitation (e.g., Inger 1954 , Maeda and Matsui 1989 , Inger and Stuebing 2005 , it could easily be transported from island to island via transport vessels (Brown and Alcala 1970) .
Although the influence of P. leucomystax on the native ecosystem of the Ryukyu Archipelago remains unknown, those impacts would likely be negative, at least on native frog species with similar life histories, such as Rhacophorus viridis (Hallowell, 1861) and R. owstoni (Stejneger, 1907) . It is therefore desirable to eradicate this invasive species from islands of the Ryukyus. To achieve this, we require information on various aspects of the frog and its invasion history. For this purpose, genetic analyses, especially of rapidly evolving genes in the mitochondrial DNA (mtDNA), are considered suitable. Among these genes, the cytochrome b (cyt-b) gene has been used successfully to clarify relationships among conspecific populations in some other frog species from the Ryukyus (Matsui et al. 2005, in press ). In this study, therefore, we used cyt-b to estimate the origin of the current feral populations of P. leucomystax in the Ryukyu Archipelago.
materials and methods
We used 14 tissue samples of P. leucomystax from five islands in the Ryukyu Archipelago ( Figure 1 , Table 1 ). To specify affinity of the current Ryukyu populations, we selected samples from Vietnam (three tissue samples from three localities) and the Philippines (one tissue sample) for comparisons. This is because U.S. military bases existed in those Figure 1 . Map of Southeast Asia and East Asia including the Ryukyu Archipelago (inset), showing sampling localities of Polypedates leucomystax and P. megacephalus used in this study. 1, Iheyajima; 2, Sesokojima; 3, Okinawajima; 4, Miyakojima; 5, Ishigakijima; 6, Panay Island; 7, Tam Dao; 8, Hanoi; 9, Hue; 10, Taiwan. countries in the 1960s. We also used four tissue samples of P. megacephalus Hallowell, 1861, from Taiwan because this species closely resembles P. leucomystax morphologically (Matsui et al. 1986 ), and Taiwan is geographically closest to the Ryukyu Archipelago. For the outgroup, we used GenBank data of two rhacophorids, Buergeria buergeri (Temminck & Schlegel, 1838) (AB127977) and Rhacophorus schlegelii (Gü nther, 1858) (AB202078) ( Table 1) .
We extracted total DNA from a small amount of tissue from each ethanolpreserved or frozen specimen using standard phenol-chloroform extraction procedures (Hillis et al. 1996) . Amplifications were done by polymerase chain reaction (PCR) with two primers (made in this study) of tGluL: 5 0 -TTC TTA CAA GGA TTT TAA CCT AGAC-3 0 and HCytbH2: 5 0 -GCC AAT TAT AAT AAA TGG GTC TTC TAC TG-3 0 to obtain 1,074 bp of cyt-b and tRNA Glu gene. We sequenced the amplified fragments by an automated DNA sequencer (ABI PRISM 3130) using PCR primers and two additional primers (Rrhaco: 5 0 -ATG TAG AAT AGG SGT GRA ATG GMA YTT TGT-3 0 and HCytbL1: 5 0 -CTA TTT CTT CAC CAA ACA GGC TCA TC-3 0 ; made in this study). Newly obtained sequences were deposited in GenBank (Table 1) .
We obtained sequence data for each sample and manually adjusted them by eye using Chromas Pro (Technelysium Pty Ltd., Tewntin, Australia) software. We also performed alignments of all data by Clustal W in the BioEdit software (Hall 1999) . We then obtained sequences of about 1,074 bp (cyt-b: 1,027 bp; tRNA Glu : ca. 47 bp), of which we used only the stable 1,027 bp of cyt-b for phylogenetic analyses.
We used three methods for estimating phylogenetic relationships: (1) maximum parsimony (MP) using a heuristic search with the tree bisection reconnection (TBR) branchswapping algorithm, 100 random addition replicates, and an equal weighting option for transitions and transversions; (2) maximum likelihood (ML) analysis based on the substitution model and phylogenetic parameters, chosen by the program Modeltest 3.06 (Posada and Crandall 1998) as the best option in a hierarchical likelihood ratio test (hLRT), and using a heuristic search with the TBR branch-swapping algorithm and 10 random additional replicates; and (3) Bayesian inference (Huelsenbeck et al. 2001, Rannala and Yang 1996) with the model derived from an hLRT in MrModeltest v2.2 (Nylander 2004) , using four simultaneous Metropoliscoupled Monte Carlo Markov chains for 1,000,000 generations and sampling a tree every 100 generations. To determine stationary trees, we discarded the initial 1,000 trees for burn-in and used remaining trees to estimate Bayesian posterior probabilities (BPP).
MP and ML analyses were conducted using PAUP*4.0b (Swofford 2002) , and pairwise comparisons of uncorrected sequence divergences (p-distance) were also calculated using PAUP. Bayesian analysis was conducted using MrBayes . The robustness of the MP and ML trees was tested using bootstrap analyses (Felsenstein 1985) , with 1,000 (MP) and 100 (ML) replicates (Hedges 1992) . We regarded tree topologies with bootstrap values greater than 70% as sufficiently supported (Hillis and Bull 1993) . For the Bayesian analysis, we considered BPP greater than 95% as significant support , Leaché and Reeder 2002 , Huelsenbeck and Rannala 2004 .
results
We obtained 24 sequences of 1,027 bp for cyt-b, of which 412 bp were variable and 265 bp were parsimoniously informative. The best substitution model derived from Modeltest was HKYþG (Hasegawa et al. 1985) . MrModeltest also concluded that HKYþG fit the data, so we applied this model to each analysis.
We obtained four most parsimonious trees with 635 evolutionary steps, with a consistency index (CI) of 0.828 and a retention index (RI) of 0.888. The likelihood values of the ML tree and the consensus tree in the Bayesian analysis were ln L ¼ À3913:36 and ln L ¼ À3909:94, respectively. The burn-in in the Bayesian analysis occurred before 10,000 generations (data not shown); we discarded the first 100,000 generations. The three phylogenetic analyses yielded slightly different but essentially the same topologies, thus the consensus MP tree is shown in Figure 2. The following relationships were indicated by all three analyses as statistically reliable: (1) monophyly of Polypedates with respect to the outgroup Buergeria and Rhacophorus (100/100/100%: MP bootstrap value/ ML bootstrap value/BPP); (2) dichotomy of Polypedates into P. leucomystax from the Ryukyus, Vietnam, and the Philippines (99/ 100/99%) and P. megacephalus from Taiwan (100% in all); and (3) monophyly of the Ryukyu and Philippine samples against the Vietnamese samples within P. leucomystax (100% in all). The Vietnamese clade was supported only by MP (79%).
A single haplotype was shared by all Ryukyu samples and also by the Philippine sample. In contrast, this haplotype was different from the Vietnamese haplotypes. The average p-distance between the Ryukyu samples and Taiwanese samples of P. megacephalus was 19.2%, and that between the Ryukyu and Vietnamese samples was 10.1%. discussion Previous authors (e.g., Toyama 1981, Maeda and Matsui 1989 ) considered the original localities of the Ryukyu populations of P. leucomystax to be somewhere in Indochina. This assertion was based on the volume of traffic between the military base on Okinawajima Island and those in Vietnam and adjacent regions of Indochina. In the helminthological survey of specimens of P. leucomystax from Okinawajima Island, Hasegawa (1993) re-ported a nematode species, Raillietnema rhacophori Yuen, 1965, that was otherwise known only from Malaysia. Following Maeda and Matsui (1989) , Hasegawa (1993) suspected that R. rhacophori occurs in Indochina. However, the results of our study do not support the Indochinese origin of the current Ryukyu populations of P. leucomystax. In spite of the relatively high evolutionary rate of the cyt-b gene, which usually contains some sequence variations even within a single species (Austin et al. 2004 ), all samples from the Ryukyus possessed an identical haplotype, which was shared exclusively with the Philippine sample. By contrast the three Vietnamese (Indochinese) samples examined showed a substantial divergence, forming a single clade only in the MP tree, where they were sister to the Ryukyu-Philippine clade. Also in spite of being geographically close to each other, Taiwan samples showed a substantial divergence from samples from the Ryukyus.
Acoustic evidence also favors the association of the Ryukyu populations with the Philippine, rather than Vietnamese, populations. According to Maeda and Matsui (1999) , the mating call of the population of P. leucomystax from Okinawajima Island has a note lasting about 0.15 sec. This note duration is closer to that of the Philippine populations (0.15-0.24 sec [Brozoska et al. 1986 ]) than to that of the Vietnamese populations (0.33 sec or 0.64 sec [Trépanier et al. 1999] ), although our DNA samples were obtained from localities not necessarily identical to those where those calls were recorded. We nevertheless conclude that the Ryukyu populations of P. leucomystax most likely derived from a recent arrival from the Philippines rather than Indochina.
In their review of nonindigenous amphibians hitherto found from Guam, Christy et al. (2007a,b) assumed several pathways for their invasion, such as intentional introduction as a pest control agent, accidental stowing away via maritime or air-transport vessels, and unintentional transportation through horticultural, agricultural, and aquacultural trading activities. With respect to P. leucomystax in the Ryukyus, the current populations are considered, as already mentioned, to have derived from individuals accidentally introduced to Okinawajima Island by military vessels (Toyama 1981 , Maeda and Matsui 1989 , Ota 1999 . The initial capture of this species from the archipelago was adjacent to the U.S. Air Force base at Kadena in south-central Okinawajima Island (Kuramoto 1965 ), a place relatively distant from nonmilitary ports and airports. The idea of accidental transportation via military vessels is not new and is circumstantially supported by a recent accidental transportation of P. leucomystax from Thailand to Guam by a military cargo aircraft (Wiles 2000) . This recent introduction indicates that the species can survive as a stowaway. In addition, the Kadena Air Base has had much contact with military aircraft from military bases in Southeast Asia, including the Philippines in the 1960s (Kadena Town Board of Education 1983), making it possible for this pathway to exist.
No genetic variation was detected among samples from five islands of the Ryukyu Archipelago. This suggests that the founding individuals were genetically uniform, possibly limited in number, and from a single locality or at most a few closely located localities. Range extension within Okinawajima Island would not have been difficult, but due to the relative intolerance of amphibians to seawater, oceanic dispersals to other islands must also have occurred in association with human activities. Indeed, this species is known to be a human commensal (Maeda and Matsui 1989, Inger and Stuebing 2005) and thus could be opportunistically transported in cargo on ships and planes from island to island. In spite of closer geographic locations to Okinawajima Island of some Kagoshima Prefecture islands (Yoronjima Island, Okinoerabujima Island, etc.), the strict limitation of the range of P. leucomystax to islands of Okinawa Prefecture supports the assumption of human-mediated dispersals of this frog within the Ryukyus, as in the case of some Caribbean Eleutherodactylus species (e.g., Kaiser 1992).
The chronology of P. leucomystax in the Ryukyu Archipelago likely started in the 1960s. In the mid-1960s, a few individuals were probably accidentally introduced to the U.S. base at Kadena from a single or a few close localities in the Philippines ( but see the next paragraph), most probably by military transportation. The species established and rapidly extended its range, first within Okinawajima Island and a few adjacent islands, and then to the more distant islands of Okinawa Prefecture, again most likely as stowaways (see Ota [1999] and Ota et al. [2004] for detailed chronologically arranged geographic records of this species within the Ryukyus).
This study only included one individual of P. leucomystax from the Philippines. That country, however, contains many islands, on most of which the species occurs (Inger 1954) . Therefore, we cannot specify the origin of the Ryukyu populations within the Philippines. Polypedates leucomystax is also distributed on several large islands near the Philippines, such as Borneo, Sulawesi, and Java (type locality), and some Philippine populations may have derived from outside the country (Brown and Alcala 1970) . To identify the specific location of origin, further studies on genetic variations are needed, not only for additional Philippine populations but also for Indonesian and Malaysian populations. Whether or not the parasitic nematode Raillietnema rhacophori found in Okinawajima and Malaysia (Hasegawa [1993] , as mentioned earlier) also occurs in the Philippine populations of P. leucomystax requires investigation. From the viewpoint of conservation of native biodiversity in the Ryukyus, serious considerations and efforts should be made to prevent further range extension of this frog through human activities (Kraus and Campbell 2002) .
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